Abstract--A cobalt multiphase alloy, MP35N, is studied as one of the reinforcement materials for pulsed magnets. The mechanical properties of this alloy at room temperature and 77 K are examined. The cold-rolled and aged MP35N produces a hardness of 5650 MPa and yield strength of 2125 MPa at room temperature. At 77 K, the yield strength reached 2500 MPa and the work hardening rate was higher than that at room temperature. The Young's modulus increases about 6 % upon cooling from 300 to 5 K. Therefore, the increase of the strength at low temperatures is attributed mainly to the increase of the work hardening rate rather than modulus. The potential for further increasing of the strength of this alloy is discussed.
I. INTRODUCTION he construction of various high field pulsed magnets needs to consider the properties of the reinforcement materials. The availability of the reinforcement materials in addition to the conductors determines the final construction of the magnet. The properties of various conductors have been addressed in various papers [e.g. reference 1]. The reinforcement materials require an optimum combination of mechanical strength, Young's modulus, fracture toughness, ductility, and fatigue resistance.
The pulsed magnets usually consist of separate coils that need different reinforcement materials. The requirements for the reinforcement materials of dissimilar coils are different because of their particular functions, sizes, mechanical forces applied on them, and the cost. In addition, the strength and the modulus of the conductors may have impact on the required properties of the reinforcement. For instance, the conductors with high Young's modulus should be reinforced by the reinforcement materials that have high Young's modulus so that load will be transferred to the reinforcement without significant plastic deformation strain.
MP35N (35wt%Co-35wt%Ni-20wt%Cr-10wt%Mo) is one of the reinforcement materials with high Young's modulus. All the elements in MP35N have relatively high modulus, as shown in Table I . MP35N is a solid solution with a facecentered-cubic (fcc) structure in annealed condition. Therefore, the modulus can be estimated by a rule of mixture and it should be relatively high if it is compared with other fcc matrix materials, such as stainless steels.
Traditionally, MP35N (containing both cobalt and nickel) is described as a multiphase cobalt nickel alloy because some cobalt-nickel alloys are work-hardened by formation of the stress-induced hexagonal-close-packed (hcp) phase in platelet form within fcc matrix [2] [3] [4] . However, other studies on the role of fcc?hcp transformation suggest that work hardening of the MP35N alloys is not due to the formation of the hcp phase [5] , and for the alloys with Co:Ni ratios (wt%) less than 45:25, it was not possible to detect the stress-induced hcp phase by X-ray diffraction techniques. Instead, the materials were considered to be strengthened by formation of deformation twins in the fcc matrix [6] , [7] . Recently, it has been recognized that deformation introduces mainly the planar defects or stacking faults in the fcc matrix [8] .
The cold deformed MP35N multiphase alloys can be further hardened by aging. After the materials reach the maximum strength at a defined temperature range, additional aging time contributed no further increase of the strength. Some work claimed that no over-aging was found. Most applications use the materials aged at between 813 to 873 K for 4 hours. However, earlier work reported that when swaged multiphase alloys were aged for more than 4 hours at 699 K, further increase of yield strength was able to be achieved. Therefore the optimum aging temperature and time remain to be confirmed.
Because of its fcc structure and good performance at low temperatures, MP35N finds applications in pulsed magnets which operate between 77 K and 300 K. The reinforcement materials in pulsed magnets operate between room temperature and 77 K. Therefore, it is useful to know the properties at these temperatures. However, limited 77 K test data are available for deformed and aged materials, although research was undertaken on un-aged 45% cold worked samples. It is therefore useful to characterize the cryogenic properties of the aged MP35N alloys. The service of the materials at those temperatures in the magnet will be considered in this paper. All the tests of MP35N also have been done at both room temperatures and at 77 K. In addition, the microstructure of the materials is examined and related to the properties of the materials.
Mechanical Properties of MP35N as a Reinforcement Material for Pulsed Magnets
Ke Han (1) Tukon 200 micro-hardness tester was used to perform the hardness test. The hardness measurements were taken from surfaces polished for optical microscopy without being etched. The load was applied mainly in the transverse direction with respect to the rolling direction. Twenty indentations were obtained from each specimen using a load of 300 grams. The minimum impression spacing (center to edge of adjacent impression) was about 3 times of the diagonal of the impression and at least 0.02 mm from the edge of the specimen.
Tensile tests were performed on the 100 kN MTS machine in displacement control at a rate of 0.5 mm/min. Both tensile strength (TS) and yield strength (YS) were recorded. The elastic modulus for sheet was determined by the stress-strain curves in an unload/reload cycle after the onset of plastic deformation (at 0.01 strain).
The elastic constants were also measured on bulk samples between 300 and 5 K with a cylindrical specimen (0.954 cm diameter x 0.636 cm long) and two dynamic methods (pulseecho [9] and acoustic-resonance spectroscopy [10] ).
The linear thermal expansion was measured on a bulk sample (a 4 mm cube) from 4 to 325 K using a capacitive dilatometer cell.
III. RESULTS

A: Microstructure of Sheet MP35N
The microstructures of cold rolled and aged materials were examined by various microscopic techniques. Fig. 1 is a light micrograph typical of the microstructures of the cold rolled and aged sample. The aging didn't change the microstructure significantly.
Both X-Ray diffraction and transmission electron microscopy were used to study the crystallographic structures of the MP35N in both rolled and aged conditions. In the majority of the areas, the textures are close to {110}<1 12> or {110}<1 11>, where {110} is roughly parallel to the sheet surface whereas <1 12> and <1 11> are approximately parallel to the RD, as shown in Fig. 2. Fig. 3 is a typical TEM image of MP35N rolled to 65% and aged. Fine parallel platelets, which imaged as very fine striations and had habit plane of {111}, were observed. Some of the striations are intercepted. The distance between the parallel platelets is from a few nanometers to 50 nanometers. The thickness of the platelets is below 1 nanometer. These fine platelets form after the deformation and aging, and strengthen the material by providing barriers for dislocation motion. Two types of {111} habit planes for platelets are observed and are perpendicular to the rolling planes. Because two types of {111} planes within one grain are visible under the imaging condition, the platelets are formed at least on both habit planes in a single grain. However, it appears the majority of the platelets within one grain are formed on one set of {111}.
B: Mechanical Properties of Sheets
Typical room temperature strain-hardening curves of MP35N deformed to 55% and 65% reduction-in-area are shown in Fig. 4 . The increase of the deformation strain increases the strength of the materials by formation of various defects as shown in section A. During plastic deformation, one kind of defect stored is dislocations [8] . In MP35N, additional obstacles to dislocation motion are produced as a consequence of plastic flow. These can be twins, stacking faults or hcp second phases produced as a consequence of flow in supersaturated solid solutions where dynamic phase transformation can occur during plastic flow. These cases are more complex than the case when an additional set of obstacles are present at the onset of plasticity because in MP35N the density of the additional obstacles increases during the flow process itself. Therefore, it is interesting to note that at high stress levels, the strainhardening rate of the materials with a greater percentage of cold work has greater strain hardening rate than the other one, as shown in Fig. 4 . In addition to the strain hardening rate, the large strain deformation introduces the internal stresses and influences elastic-plastic transition behavior of the materials. Because the onset of the plastic flow of the materials is dependent on the crystallographic orientations of the materials, the property changes must also be related to the texture evolutions shown in section A. Hence, by modification of the textures, one can improve the mechanical properties of the MP35N according to the requirement of the design.
Aging improves the mechanical strength of the MP35N, as shown in Fig. 5 . The cold-rolled and aged MP35N produced hardness more than 5600 MPa and yield strength of more than 2000 MPa at room temperature. At 77 K, the yield strength increases about 24% (Table II) and the strainhardening rate was higher than that at room temperature. The higher strain-hardening rate at 77 K may be related to the formation of more planar defects and dislocations which act as obstacles for the dislocation motions. The Young's modulus increases about 5% upon cooling from 295 to 77 K.
C: Properties of Rods
The tensile tests were conducted on both as-deformed and aged samples at 295 K and 77 K. The results are shown in Table II . The data show that aging increases the room temperature tensile strength by about 20%.
The material elastic properties are isotropic within 3 %. All the elastic constants (G = shear modulus, E = Young's modulus, C l = longitudinal modulus, ν = Poisson ratio) show regular temperature behavior. This presents a surprise because alloys containing magnetic atoms such as chromium, cobalt, and nickel usually show irregular temperature behavior.
An improved Einstein-oscillator-based Varshni function [11] : C(T) = C (O K) − s / [e (θ/T) -1] was fit to the measurements. Here, C denotes elastic constant, T temperature, θ an approximate Einstein temperature, and s a parameter that depends on the atomic volume V a , Einstein temperature θ, and Grüneisen parameter γ: s = 3 κ θ γ (γ + 1) / V a . Parameter s arises from quantum-mechanical zero point vibrations. In the high-temperature (linear) limit, dC/dT = − s / θ. The alloy's Young's modulus increases about 6 % upon cooling from 300 to 5 K or 5 % from 295 to 76K, respectively. This compares with 7.5 % for cobalt, 7 % for nickel, 6.5 % for chromium, and 3.0 % for molybdenum.
At 77 K, the materials show 27% and 20% increase of strength for as-deformed and aged samples, respectively, if one compares to the 295 K test data. The alloy's Young's modulus increases about 5%. These changes are similar to those of MP35N in sheet form. Therefore, the increase of the strength at the low temperatures is mainly due to the increase of the strain-hardening rate. The higher strainhardening rate also increases the elongation at failure.
The thermal expansion data of MP35N are shown in Fig.6 . The data from 4 K to 325 K show the temperature behavior of a single phase material. No sign of a phase transition can be detected when MP35N was heated from 4 K to 325 K. Because of its high modulus and strength, MP35N becomes an excellent candidate as a reinforcement material in pulsed magnets. Increasing the percentage of cold work improves the strength of the materials but reduces the ductility slightly. Upon cooling to 77 K from 295 K, the defect accumulation rate and strain hardening rate increase. Consequently, the strength increases by more than 20% accompanied by an increase of the elongation. Thus, the strengthening of the materials can be related to the crystallographic orientation and the nano-size defects formed in the materials. Decreasing testing temperature from 295 K to 77 K increases Young's modulus by 5%. All the elastic constants show regular temperature behavior within the temperature range measured. 
